Introduction
14-3-3 proteins were first described in 1967 [1] , and after more than 20 years of oblivion were basically rediscovered when it started to become clear that they are abundant, powerful and universal regulators of various cellular processes [1] . Since this rediscovery, interest in the function of 14-3-3 proteins has experienced a dramatic boost that is reflected in the augmentation of annual PubMed entries linked to the '14-3-3' search term from 12 in 1991 to 157 in 2000, and which has remained stable at > 330 per annum for the last 6 years.
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These proteins, typical for eukaryotes, are ubiquitously expressed in different tissues of multicellular organisms [2] [3] [4] , reaching up to 1% of the proteome in some tissues [2, 5] . Generally, they are present as multiple similar isoforms with a molecular mass of 30 kDa [6] . For instance, the human genome encodes seven isoforms of 14-3-3 (denoted b, c, e, g, r, s, f) that are able to form homo-or heterodimers [1, 6, 7] . The rich set of dimer combinations that can be formed by these different isoforms implies intensive monomer interaction dynamics, dissociation/association and exchange [8] [9] [10] [11] , which may expand the repertory of 14-3-3 interactions. The multiplicity of roles performed by the 14-3-3 isoforms was initially suggested to be redundant, although more and more isoform-specific functions are now being reported [4, [12] [13] [14] . Since knockout of some isoforms is not lethal, it is likely that different 14-3-3 isoforms can sometimes complement each other and that compensatory mechanisms may also occur [14] [15] [16] [17] .
Under normal physiological conditions dimeric forms of 14-3-3 proteins dominate; however, they appear to be in an equilibrium with their corresponding monomers [11] which can be affected by many different factors, often associated with stress [10, 18] . For instance, phosphorylation of a semiconservative Ser 58 [19] located in the subunit interface destabilizes dimers of human 14-3-3f and shifts the equilibrium towards monomers, causing partial dissociation [19, 20] . Interestingly, phosphorylation of the homologous Ser residue in plant 14-3-3x also partially dissociates its homodimers [8, 9] and can affect the heterodimerization patterns [9] . Small molecules like sphingosine were reported to interact with 14-3-3, resulting in destabilization of its dimeric structure and promotion of phosphorylation by different protein kinases, thus further increasing the accumulation of 14-3-3 monomers [21] . Moreover, an alternative splice variant of 14-3-3e that is monomeric due to the absence of the first 22 N-terminal residues [22] , and several other proteolytically processed monomeric forms of 14-3-3b, s and f isoforms, identified in erythrocytes using N-terminomics technology [23] , are constitutively present in certain cell types. Although monomeric forms of 14-3-3 are less stable than their dimeric counterparts, they can be stabilized by interaction with certain protein targets [24] and by forming intermediate complexes with other protein targets, as well as participating in the formation of homo-and heterodimers of 14-3-3 [25] . Thus, while under certain conditions, monomers of 14-3-3 can be accumulated in the cell, further investigations are obviously required to elucidate their specific roles.
14-3-3 structure and function
Within a dimer, stabilized by several salt bridges and multiple hydrophobic contacts [6, 10, 11] , each 14-3-3 subunit contains nine antiparallel a-helices. Helices a1-a2 of one monomer interact with helices a3-a4 of the neighboring monomer to form the base of a characteristic clamp-like overall structure (Fig. 1) . Each monomer has a so-called 'amphipathic groove', formed by side chains of the helices a3, a5, a7 and a9, terminating with the C-terminal disordered peptide, the global role of which still remains debatable. This nonconservative C-terminal extension varies in both its length and its property in the 14-3-3 representatives from different organisms (Fig. 2) . Along with the outer surface of 14-3-3 dimers, these are the most variable parts of the structure, in contrast to the interior of the 14-3-3 dimer, which is well conserved [26] . Positively charged Lys and Arg residues, as well as Tyr, located in the helices a3 and a5 along with hydrophobic Val and Leu/Ile residues located in the helices a7 and a9, form an amphipathic groove responsible for the phosphopeptide binding ( Fig. 1) , an organization that is a characteristic and prominent property of the 14-3-3 family [27] . There are three consensus phosphopeptide sequences recognized by 14-3-3: motif I (RSXpSXP); motif II (RX(Y/F)XpSXP); and motif III (pSX 1-2 -COOH), where pS is phosphorylated serine (or threonine) and X is any residue [28, 29] . However, as different positions contribute to the binding affinity differently, some deviations from this binding rule are also known [30] . Importantly, phosphorylationdependent binding to 14-3-3 relies on electrostatic interactions and can be appreciably inhibited by millimolar concentrations of inorganic phosphate or sulfate anions that compete with the phosphate moiety of phosphopeptide partners for 14-3-3 binding [31] .
There are two phosphopeptide binding sites in a 14-3-3 dimer (Fig. 1A) and therefore it can simultaneously bind two phosphopeptides, from either the same protein target or, in principle, two different targets, serving as a linker (more widely known as an 'adaptor') [32] . In practice, formation of ternary complexes mediated by 14-3-3 has been poorly documented [33, 34] . At present more than 700 human phosphoproteins have been identified as potential 14-3-3 targets [12] and it is predicted that the number will be much larger [35] . Having a wide interactome, 14-3-3 proteins are involved in regulation of many vital processes such as signal transduction, cell cycle control, apoptosis, transcriptional regulation, cytoskeleton rearrangements, protein localization, trafficking and degradation, exocytosis and endocytosis, and many others [5, 32, [36] [37] [38] . Due to the specific recognition of the phosphorylation state of its partners, 14-3-3 proteins bind their targets in order to stabilize their structure, control the level of their phosphorylation and degradation [39] [40] [41] , affect their localization and distribution between different cell compartments [6, [42] [43] [44] , and thus, control their interaction with other protein partners (Fig. 3 ). In line with these influences on their targets, 14-3-3 proteins have often been referred to as chaperones [45] [46] [47] [48] [49] [50] . We suggest that this definition is not completely correct. According to a more classical definition, genuine chaperones should be able to: (a) recognize improperly folded proteins or preproteins and nascent polypeptides prone to aggregation; (b) bind to them (i.e. to display the so-called 'holdase' activity); and either (c) promote their refolding (i.e. to display the so-called 'foldase' or chaperoning activity) or, if refolding is impossible (d) target these unfolded or misfolded proteins to intracellular storage sites (aggresomes) or transfer them to proteasomes or autophagosomes for elimination [51] . Importantly, some of these activities of certain classes of chaperones are ATP-dependent, whereas others are not; however, all of them are very different from the wellcharacterized phosphorylation-dependent interaction of 14-3-3 with multiple target proteins. Thus, 14-3-3 proteins possess an additional bona fide chaperone-like activity, evidenced both in vivo and in vitro (see below), which we propose be considered as a 'moonlighting activity' for these abundant multifunctional proteins, and which is clearly distinct from their welldocumented phosphopeptide-binding ability (Fig. 3) . This review attempts to collect and describe experimental data concerning the genuine chaperone-like activity of 14-3-3 and to propose hypothetical mechanisms underlying this activity.
Chaperone-like activity of 14-3-3 proteins
Probably the first indication that a 14-3-3 protein can display chaperone properties was obtained in 1996 when, in a human embryonic kidney cells 293 model, 14-3-3g promoted transition of the overexpressed zinc finger protein A20 from punctate cytoplasmic structures to the soluble cytoplasmic compartment [34] . Further experimental evidence of the genuine chaperone-like activity of 14-3-3 in the cell was obtained using Drosophila cells [52] , where it was found that heat shock was accompanied by increased expression of 14-3-3f, which interacted with apocytochrome c to prevent its aggregation. This up-regulation of 14-3-3 was attributed to the fact that the promoter region of the 14-3-3 gene contained consensus motifs for heat shock transcription factor protein binding, indicating that 14-3-3 is a bona fide heat shock induced protein.
Suppression of 14-3-3 expression by small interfering RNA was accompanied by accumulation of aggregated apocytochrome c in the cytosol. Surprisingly, 14-3-3f converted this aggregated apocytochrome c to a soluble form and this effect was ATP-dependent [52] . Later on, it was reported that 14-3-3 proteins bind to and catalyze ATP hydrolysis [53] ; however, details of this activity require further more careful examination. In addition to apocytochrome c, 14-3-3f was reported to resolubilize heat-aggregated citrate synthase in vitro and facilitate its reactivation in cooperation with heat shock protein Hsp70/Hsp40 chaperones [52] . However, the mechanism of the latter action remains somewhat enigmatic and requires further investigation. The stress-related up-regulation of 14-3-3 was also observed in rat glioma cells, when heat shock was accompanied by a simultaneous increase in expression of 14-3-3 and the small heat shock protein HspB1 (Hsp27). Interestingly, the extract from mistletoe, Viscum album L., decreased the expression of both proteins and induced apoptosis [54] . These data indicate that 14-3-3 proteins can be activated by stress conditions and can perform classical chaperone functions. Since 14-3-3 is highly expressed in human brain tissue, special attention was paid to the analysis of its probable chaperone-like function in the nervous system [37] . The chaperone-like role of 14-3-3 in the pathogenesis of a range of neurodegenerative disorders is emphasized by multiple observations of the presence of different 14-3-3 isoforms in aggregates and intracellular proteinaceous deposits that are hallmarks of neurodegeneration and often contain various chaperones involved in modulation of this aggregation process.
Microtubule-associated protein tau (s) is a mediumsize intrinsically disordered protein normally interacting with, and stabilizing, microtubules, thus regulating neurite outgrowth and axonal transport [55, 56] . Tau can be phosphorylated by a number of different protein kinases, and hyperphosphorylation induces dissociation of tau proteins from microtubules, promoting their destabilization and subsequent aggregation that accompanies progression of neurodegenerative disorders and tauopathies [55] . 14-3-3 interacts with both unphosphorylated and phosphorylated tau [57] . Such interaction promotes aggregation of unphosphorylated tau [58] , links unphosphorylated tau with certain protein kinases that result in tau phosphorylation [57, 59] , tightly interacts with phosphorylated tau [60] [61] [62] [63] and is detected in insoluble aggregates formed by predominantly phosphorylated tau protein in patients suffering from tauopathies [64, 65] . The detailed role of 14-3-3 in the formation of paired helical filaments and neurofibrillary tangles formed by tau protein, and detected in Alzheimer's disease, remains enigmatic. However, it is possible that 14-3-3 sequesters the most dangerous small oligomers of phosphorylated tau and, by promoting formation of large aggregates, protects neurons from apoptosis and oxidative stress induced by the accumulation of hyperphosphorylated tau [64] . 14-3-3 members were found as components of prion protein (PrP) amyloid deposits in patients with Creutzfeldt-Jakob [66] and Gerstmann-Str€ ausslerScheinker diseases [67] . Consistent with this, 14-3-3 is known to interact with the intact PrP and its peptide PrP106-126 [68] . Furthermore, 14-3-3 disaggregates fibrils formed by PrP106-126 in vitro and this prion peptide was found to destabilize the dimeric structure of 14-3-3b [68] , as was the intact PrP protein [68] . It was reported that the amino acid residues 1-38 of 14-3-3b (i.e. exactly the first two a-helices forming the dimerization region; see Fig. 1 ) and the amino acid residues 106-126 of the prion are involved in this protein-protein interaction. According to this study, the doublet of Asp residues 22-23 in the a1 helix of 14-3-3b in the dimer interface play a key role in the interaction [68] . The relevance of the 14-3-3 subunit interface in its chaperone-like activity will be discussed later.
14-3-3 FUNCTIONS
Published data indicate that different isoforms of 14-3-3 can participate in controlling the aggregation of polyQ-containing proteins. For instance, b, c, g and f isoforms of 14-3-3 interact with huntingtin Htt86Q transiently expressed in N2a cells and promote its aggregation [69] . Moreover, small interfering RNA suppression of 14-3-3f completely and selectively abolished Htt86Q aggregate formation [69] . In this case it was supposed that 14-3-3 could serve as a 'sweeper' removing dangerous small huntingtin oligomers and transporting them to inclusion bodies for storage. A completely different effect was observed in the case of ataxin-1, another polyQ-containing protein. In this case 14-3-3 interacted with phosphorylated ataxin-1 and stabilized its structure, inhibiting its clearance by proteolysis [70] . It is worthwhile mentioning that although 14-3-3 interacted with the intact phosphorylated ataxin-1, the long polyglutamine tracts of the modified ataxin-1 enhanced the interaction of these two proteins [70] .
In patients suffering from Parkinson's disease, 14-3-3 proteins were reported as components of so-called Lewy bodies formed by aggregated a-synuclein [71, 72] . Both in vitro and in cell models, 14-3-3 did not interact with a-synuclein monomers; however, it did interact with small a-synuclein oligomers that accumulated in the early stages of a-synuclein amiloidogenesis and by this means diverted the process of a-synuclein aggregation to protect the cell against accumulation of these potentially toxic a-synuclein oligomers [73] . This effect was observed even at substoichiometric concentrations of 14-3-3. However, at overwhelmingly higher a-synuclein concentrations, 14-3-3 became trapped in complexes with a-synuclein and, being sequestered, failed to realize its normal regulatory functions [73] . For instance, 14-3-3 is known to bind parkin and inhibit its ubiquitin ligase activity [74] . a-Synuclein can compete with parkin for 14-3-3 binding, and by this means indirectly participates in regulation of ubiquitin ligase activity [74] . Thus, 14-3-3 not only modifies the process of a-synuclein aggregation, but also affects ubiquitin ligase activity of parkin that can regulate proteasomal degradation of unfolded proteins.
The data presented indicate that 14-3-3 possesses chaperone-like activity, and under certain conditions, interacts with unfolded or misfolded proteins and either prevents their aggregation or participates in their proteolytic elimination. If this process fails due to insufficient protein degradation, it can also mediate the formation of deposits of protein substrates in aggresomes. An important factor here seems to be high levels of 14-3-3 proteins, especially in the brain [2, 5] , where they are present in concentrations that enable simultaneous fulfillment of several important functional tasks. Moreover, it appears that the proteostatic, or client folding-promoting activity of 14-3-3 is potentiated by its synergism with different chaperones and by its adaptor properties, which provides for coupling of chaperones and their substrates to motor proteins that transfer these unfolded protein substrates to particular intracellular destinations. In line with this, 14-3-3 binds phosphorylated co-chaperone B-cell lymphoma 2-associated athanogene 3 (Bag3) and forms a 14-3-3-Bag3-Hsp70 ternary complex carrying unfolded protein substrates [75, 76] . In addition, 14-3-3 interacts with the dynein intermediate chain and by this means attaches the whole complex carrying the unfolded protein substrate to the motor protein that transports it to aggresomes [75] . It was reported that a 14-3-3 ortholog, Bmh1, also plays an important role in aggresome formation in yeast, as deletion of the bmh1 gene blocked aggresomal targeting of a disease-related huntingtin protein Htt103QP [77] . These data suggest a general role of 14-3-3 protein in the aggresome formation process [76] .
The chaperone-like action of 14-3-3 proteins is not confined to functioning under stress and/or pathological conditions, described above, but also takes place in normal physiological processes. For instance, mechanisms of protein import into mitochondria and chloroplasts rely on unfolding and refolding of the imported protein during the course of translocation and these processes require the assistance of chaperones [78] [79] [80] . In line with this, it was shown that for proper importation many plant preproteins targeted to chloroplasts bind to not only Hsp70 and Hsp90 chaperones, but also 14-3-3 proteins [81] , ensuring the delivery of preproteins to the translocon machinery and prevention of their aggregation or degradation [79] . Interestingly, chloroplast preproteins usually contain a 14-3-3-binding motif and their interaction with 14-3-3 typically requires phosphorylation [82] . Moreover, 14-3-3 proteins and Hsp70 were reported to form a 'guidance complex' for more efficient translocation of chloroplast preproteins [82] . Besides the role in importing proteins into chloroplasts, 14-3-3 was identified as a mitochondrial import stimulation factor [83, 84] , a chaperone factor, which was reported to recognize unphosphorylated precursor proteins [84] and unfold them in an ATP-dependent manner [85] for translocation into mitochondria. Therefore, 14-3-3 proteins play an important chaperone-like role in the processes of protein import, and phosphorylation was proposed to be a regulatory and distinguishing mechanism for those plant proteins that could be sorted to either or both mitochondria and chloroplasts [82, 86] .
14-3-3 shows remarkable interplay with the small heat shock proteins (sHsps) and modulates their interaction with target proteins. For instance, 14-3-3 binds to Hsp9 from Schizosaccharomyces pombe (homologous to Hsp12 from Saccharomyces cerevisiae) and forms a ternary complex with cdc25, modulating its phosphatase activity and thereby controlling the cell cycle [87] . The Hsp70 homolog Ssb and yeast 14-3-3 protein Bmh1 were reported to comprise a specific chaperone module involved in the regulation of a phosphorylationdependent switch between respiration and fermentation [88] . Recently published data indicate that in hepatocarcinoma 14-3-3 forms a complex with aB-crystallin (HspB5) [89] , which interacts with extracellular signalregulated kinases 1 and 2, modulating its kinase activity and thus controling epithelial-mesenchymal transition and resistance to the protein kinase inhibitor sorafenib [89] . Finally, 14-3-3 also interacts with Hsp20 (HspB6) [90] [91] [92] . This interaction is strictly dependent on HspB6 phosphorylation [91, 93] and seems to play an important role in regulation of smooth muscle contraction that most likely occurs by modulation of the actin cytoskeleton [94, 95] . In vitro, 14-3-3 stimulated the chaperonelike (holdase) activity of phosphorylated HspB6 with insulin and demonstrated its own anti-aggregation (holdase) activity with rhodanase as model protein substrates (see next subsection) [91] .
To sum up, 14-3-3 proteins demonstrate direct or indirect chaperone-like activity with a number of different natural protein substrates and thus mimic, or at least complement, the activity of classical chaperones (Fig. 3) . As shown above, in many different contexts, there is a remarkable interplay between 14-3-3 proteins and the members of the classical chaperone system maintaining cellular proteostasis (Hsp90, Hsp70, Hsp40, HspB6, HspB5, HspB1, Hsp9/Hsp12, etc.).
Chaperone-like activity of 14-3-3 with model protein substrates Different model protein substrates were used for measuring the chaperone-like activity of 14-3-3 in vitro. As already mentioned, 14-3-3 inhibited heat-induced aggregation of citrate synthase and, in cooperation with Hsp40/Hsp70, resolubilized heat-aggregated citrate synthase [52] . The c-isoform of 14-3-3 retarded heat-induced aggregation of rhodanase and this chaperone-like activity of 14-3-3 was comparable with that of HspB6 (Hsp20) [91] . 14-3-3f effectively prevented heatinduced aggregation of alcohol dehydrogenase and reduction-induced aggregation of insulin [96] , but was ineffective in inhibition of reduction-induced aggregation of a-lactalbumin, thus demonstrating a substrate specificity for its chaperone-like anti-aggregation activity [96] and indirectly indicating that 14-3-3 proteins are probably not as promiscuous chaperones as the dedicated and widespread sHsps. Engineered obligate monomeric forms of 14-3-3f (vide infra) demonstrated pronounced chaperone-like activity in experiments with heat-induced aggregation of subfragment-1 of skeletal muscle myosin [24] . In these experiments, the chaperone-like activity of monomeric 14-3-3f was higher than that of the dimeric 14-3-3f and that of HspB6 [24] . Importantly, in both cases the anti-aggregation effects of 14-3-3 became more pronounced upon increasing 14-3-3 concentration [24] . Systematic investigation of the chaperone-like activity of 14-3-3f with different model protein substrates revealed that neither monomeric nor dimeric 14-3-3 was able to prevent reduction-induced aggregation of lysozyme and, instead of preventing, promoted aggregation of this model substrate [97] . At the same time, 14-3-3f effectively prevented reduction-induced aggregation of insulin and heat-and EDTA-induced aggregation of alcohol dehydrogenase in a concentration-dependent manner, with the chaperone-like activity of monomeric forms of 14-3-3f again significantly higher than that of their dimeric counterparts [97] . Dimeric 14-3-3f had no significant effect on heat-induced aggregation of rabbit skeletal muscle phosphorylase kinase, whereas the monomeric form effectively prevented, and at the highest concentrations almost completely blocked, the thermal aggregation of this model substrate [97] . It is worthwhile mentioning that with practically all model substrates the chaperone-like activity of monomeric 14-3-3f was comparable or even higher than that of two canonical chaperones with holdase activity, HspB5 and HspB6 [97] . Future comparative studies on other 14-3-3 isoforms should reveal isoform specificities of chaperonelike activity, which now remains an interesting but largely underexplored question. The relevance of the high chaperone-like activity of monomeric 14-3-3 in vivo also requires further investigation.
Nevertheless, the data presented mean that, at physiologically relevant protein concentrations, 14-3-3 possesses a genuine chaperone-like activity with different natural and model protein substrates ( Table 1 ), and that under certain conditions, and with particular substrates, this activity is comparable to the corresponding activity of the specialized chaperones, such as sHsps. Importantly, this anti-aggregation activity of 14-3-3 is concentration-dependent. In contrast to the main phosphopeptide-binding function of 14-3-3 that is specifically dependent on electrostatic interactions [31], the chaperone-like activity seems not to be inhibited by phosphate ions, as judged from the ability of 14-3-3 to prevent aggregation of different model proteins in buffers containing 50 mM phosphate [91, 96] . Moreover, the chaperone-like activity of 14-3-3 seems not to be generally dependent on target protein phosphorylation, in contrast to the main phosphopeptidebinding (adaptor) function of 14-3-3 (Fig. 3) . This points to differences in the fundamental mechanisms of these activities and raises questions about which elements or parts of the 14-3-3 protein are involved in realization of the chaperone-like activity.
Possible mechanisms of the chaperone-like activity of 14-3-3
Unlike the specific functional activities of enzymes, the chaperone-like activity is believed to be more promiscuous and usually depends merely on the presence on the chaperone molecules of regions with pronounced surface hydrophobicity [98] [99] [100] . This is explained by the necessity for recognition of various unrelated protein substrates having non-native conformations with exposed hydrophobic regions that are normally buried inside the protein. Besides that, the pliability of unstructured (and hydrophilic) regions was reported to take part in anti-aggregation activity of some chaperone-like proteins, including the plant ribosomal and stress-related proteins [101, 102] . In fact, typical representatives of classical chaperones with holdase activity, sHsps, are characterized by the presence of both pronounced hydrophobicity [99, 103] and long intrinsically disordered (hydrophilic) regions, including their dynamic N-and C-termini, known to participate in binding misfolded substrates [104] [105] [106] .
There are certain similarities in the properties of 14-3-3 and sHsps. For instance, both of them have a flexible disordered C-terminal region (Fig. 1A and [96] ) that in sHsps plays an important role in substrate interaction and in maintaining solubility of the complexes formed by sHsps and their targets [107, 108] . Therefore it was reasonably suggested that the C-terminal region of 14-3-3 could also somehow participate in its chaperone-like activity. However, deletion of 15 C-terminal residues of 14-3-3f had no significant effect on this activity with insulin or alcohol dehydrogenase as model protein substrates [96] . Therefore, in contrast to sHsps, it seems very unlikely that the C-terminal region is directly involved in realization of the chaperone-like activity of 14-3-3.
As already mentioned, all isoforms of 14-3-3 contain the so-called amphipathic groove responsible for the specific interaction with phosphorylated peptides (Figs 1B and 4) . One can suppose that this groove, containing an area of substantial hydrophobicity (Figs 1B and 4B), is also involved in the interaction with unfolded or misfolded substrate proteins. However, an artificial R18 peptide, able to bind specifically and tightly within this groove, did not affect the chaperonelike activity of 14-3-3 [96] . Likewise, mutation K49E of 14-3-3f, located in this groove (Fig. 1B) and playing a role in recognition of phosphorylated peptides, also did not affect the chaperone-like activity of 14-3-3 [96] . Moreover, as already mentioned, 14-3-3 proteins display chaperone-like activity in phosphate buffers [91, 96] , whereas phosphate and other anions can significantly inhibit the main phosphopeptide-binding function of 14-3-3 through the direct interaction with the positively charged residues in the amphipathic groove of 14-3-3 [31] . All these experimental data disprove the suggestion 
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Hsp9-14-3-3 complex interacts with Cdc25, modulating its phosphatase activity and by this means regulating activity of Cdc2 and the cell cycle Probably phosphorylation dependent [87] Hsp70 homolog Ssb Bmh1 Forms a chaperone module regulating a switch between respiration and fermentation Probably phosphorylation dependent [88] aB-crystallin (HspB5) f In hepatocarcinoma, 14-3-3-aB-crystallin complex upregulates ERK1/2 activity, prevents effect of protein kinase inhibitor sorafenib and induces epithelialmesenchymal transition Phosphorylation independent [89] Hsp20 (HspB6) c, f Different isoforms of 14-3-3 interact with phosphorylated HspB6 and modulate its chaperone-like activity and regulatory functions Phosphorylation dependent [91, 93] Model substrates Citrate synthase f Inhibition of heat-induced amorphous aggregation Phosphorylation independent [52] Insulin, rhodanase c Inhibition of heat-or reduction-induced amorphous aggregation Phosphorylation independent [91] Insulin, alcohol dehydrogenase f Inhibition of heat-or reduction-induced amorphous aggregation Phosphorylation independent [96] that the amphipathic groove of 14-3-3 is directly involved in the chaperone-like activity of 14-3-3. Intriguingly, in analyzing the chaperone-like activity, we found that monomeric forms usually possessed higher activity than dimeric forms of 14-3-3, irrespective of the model substrate used (see above) [24, 97] . Since a pure monomeric form could not be obtained by phosphorylation or a phosphomimicking mutation of the regulatory Ser 58 yielding a dimermonomer mixture with pronounced dependency on protein concentration [8, 20, 93] , mild engineering of the interface was implemented [93] resulted in complete dissociation of the 14-3-3f dimeric form accompanied by a significant increase of surface hydrophobicity, as probed by 4,4 0 -bis(1-anilinonaphthalene 8-sulfonate) binding [93] . Indeed, surface representation of human 14-3-3f using the normalized consensus hydrophobic scale for amino acids [109] shows clear hydrophobic patterns (Fig. 4) , in particular implying that dissociation of 14-3-3f will lead to the exposition of hydrophobic side chains of Leu 6 , Leu 12 , Ala 13 , Ala 16 and Ala 24 (region I on Fig. 4 Fig. 4 ). This increased hydrophobicity of the 14-3-3 monomer resulting from the exposure of the intersubunit interface can at least partially explain its enhanced chaperone-like activity. Interestingly, regions I and II form separate clusters of hydrophobicity and therefore may independently participate in binding of misfolded substrates. Given the antiparallel organization of a 14-3-3 dimer ( Figs 1A and 4A) , one can imagine that partial detachment of either of the two sides of the a1a2:: a3a4 contacts (Fig. 1A ) upon binding to misfolded or partially folded substrates would lead to exposure of the hydrophobic regions I and II from this side without the full dissociation of the dimer. This can hypothetically explain the ability of dimers to perform a holdase function. Preliminary results supporting this idea have already been reported [110] .
Apart from this, the C-terminal a8 helix of 14-3-3f contains another cluster of hydrophobic residues, Phe 196 , Ile 200 , Leu 203 and Leu 206 (region III on Fig. 4 ), and may also take part in the chaperoning action of 14-3-3; however, its role in this activity has yet to be proven. Likewise, the outer surface of 14-3-3f, representing one of the most variable areas in the structure, also contains scattered clusters of hydrophobic residues that may be relevant for its chaperone-like activity. If this is correct, the differences in amino acids of the outer surface of different 14-3-3 isoforms should be reflected in the efficacy of their chaperone-like activity, warranting further investigations. It should be noted that region III and the outer surface of a 14-3-3 dimer are present in both dimeric and monomeric forms of 14-3-3f and therefore cannot explain the higher chaperone potential of 14-3-3 monomers on their own, leaving the dimeric interface as the most probable structural feature responsible for the chaperone-like activity of 14-3-3.
Even partial dissociation of 14-3-3 dimers by detachment of one side of the a1a2::a3a4 contacts (Fig. 1A) inevitably leads to destabilization and relaxation of the shortest helices, a1-2. Given that this N-terminal region, playing crucial role in 14-3-3 dimerization, has hidden conserved intrinsic disorder propensity [111] and the ability to adopt either disordered conformation or a conformation of a single extended a-helix (e.g. as in different monomers of the unusual 14-3-3 structure with Protein Data Bank ID 3EFZ), it is likely that under destabilizing conditions (e.g. dimer dissociation) it also becomes disordered upon dimer dissociation [111] and can substantially contribute to the chaperone function of 14-3-3.
To sum up, even partial dissociation of 14-3-3 dimers, accompanied by the exposure of the disordered N-terminal region [111] and an increase of overall hydrophobicity [24, 97] , will provide conditions for the efficient interaction of 14-3-3 with unfolded, misfolded or immature client proteins and by this means will increase the chaperone-like activity of 14-3-3.
Conclusions
The ubiquitous members of the 14-3-3 protein family appear to be universal regulators of multiple intracellular processes. This regulation is predominantly based on their recognition and binding of certain phosphopeptides from various target proteins, protection of these phosphorylated proteins from dephosphorylation and proteolytic degradation, and conformational changes imposed by such 'scaffolding'. As a rule, all these activities depend on the presence of a special phosphopeptide-binding amphipathic groove and on the dimeric status of 14-3-3 ( Fig. 1) . In addition, 14-3-3 proteins display separate, 'moonlighting' chaperone-like activity (Fig. 3 ) that seems to be based on completely different structural and mechanistic principles. This activity is not generally dependent on substrate phosphorylation. This additional activity of 14-3-3 proteins prevents aggregation of partially folded or misfolded proteins and preproteins, and participates in formation of aggresomes, thus protecting the cell against the accumulation of potentially harmful intermediate oligomers of unfolded proteins and therefore representing an integral part of the global cellular proteostatic system. We propose to refer to this additional activity of 14-3-3 as a genuine chaperone-like activity as it mimics the activity of classical chaperones and, in many instances, complements it. The mechanism of the anti-aggregation (holdase) activity of 14-3-3 seems to be analogous to that of the unrelated sHsps, and is ATP-independent. The N-terminal part of 14-3-3, containing hydrophobic regions (Fig. 4) , hidden intrinsic disorder propensity and crucial for dimerization of the protein, seems to be involved in the interaction of 14-3-3 with unfolded/misfolded proteins and different factors promoting monomerization enhance the chaperone-like activity of 14-3-3 (Fig. 5 ). Both these activities are tightly interconnected and seem to be controlled by regulation of the oligomeric status of 14-3-3 (Fig. 5) . Intracellular stress conditions (e.g. elevated temperature) can lead to the partial unfolding and aggregation of proteins. Under these conditions, expression of 14-3-3 protein and sHsps is upregulated via heat shock factor binding to the promoter regions of their genes, leading to elevated levels of both proteins in order to act as holdase molecular chaperones. A stress-related shift in dimer-monomer equilibrium of 14-3-3 proteins towards monomers can further facilitate this chaperone activity. When stress conditions return to normal, other chaperones, e.g. Hsp70, coupled with ATP hydrolysis, refold the client proteins attached to 14-3-3 (and sHsps), releasing them to perform their normal function.
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